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SECTION  I 
INTRODUCTION 

Soot  formation  in  gas  turbine  engines  has  always  been  a  problem  of  concern  to 
the  U.S.  Air  Force.  It  is  well  known  that  exhaust  smoke  forms  obvious  sig¬ 
natures  and  that  the  flame  radiation  from  incandescent  soot  particles  reduces 
the  life  of  combustor  liners.  However,  the  most  recent  problem  that  has 
arisen  is  the  control  of  smoke  emissions  from  jet  engine  test  cell  facilities. 
While  it  is  not  legally  clear  that  jet  engine  test  cells  are  subject  to  sta¬ 
tionary  source  performance  standards,  the  fact  remains  that  Navy  test  cells 
have  been  cited  by  state  air  pollution  control  officials  for  violations  of 
plume  opacity  regulations,  justifying  concern  by  the  Air  Force.  This  situa¬ 
tion  threatens  to  worsen  as  premium  petroleum  fuels  become  less  available  and 
force  the  use  of  jet  fuels  with  lower  hydrogen  content  (higher  aromatics) 
which  have  a  greater  propensity  to  soot. 

A  concept  of  water-in-fuel  emulsions  for  the  purpose  of  reducing  smoke  emis¬ 
sions  from  jet  engine  test  cells  was  developed  for  the  U.S.  Naval  Air  En¬ 
gineering  Center.  Both  T-63  combustor  rig  tests(l)  and  a  full-scale  J-79 
engine  test (2)  were  used  to  confirm  the  effectiveness  of  the  concept,  e.g. ,  in 
the  J-79  testing,  a  concentration  of  15  percent  water  reduced  the  observed 
Rlngleman  Number  from  2,5  to  less  than  1. 

These  water-in-fuel  macroemulsions  were  opaque,  milky  liquids  that  were  formed 
by  homogenization  of  a  water/fuel/surfactant  mixture.  The  basic  problems  that 
were  encountered  with  the  water-in-fuel  macroemulsions  were  (1)  an  energy- 
intensive  mechanical  device  such  as  a  homogenizer  was  required  for  their 
formation,  (2)  they  had  limited  stability,  and  (3)  it  was  necessary  to  account 
for  their  decreased  energy  density  when  calibrating  the  engine. 

Recently,  methods  for  creating  microemulsions  of  water-in-fuel  and  of  al- 
coho i-in-fuel  were  developed  by  the  contractor,  Microemulsif ied  fuels  form 
spontaneously  by  simple  mixing  of  fuel,  surfactant,  and  dispersed  phase.  In 
prtncinie,  microemulsions  are  stable  indefinitely  because  of  their  inherent 
thermodynamic  stability.  This  class  of  emulsions  then  offers  a  distinct 
potential  for  eliminating  the  first  two  disadvantages.  Alcohol-in-fuel 
emulsions  offer  the  possibility  of  at  least  alleviating  the  third  disadvantage 
since  the  alcohol  would  not  reduce  the  energy  density  as  much  as  water  addi- 
t  ion  does. 

A  program  was  therefore  developed  to  determine  if  microemulsion  concepts  could 
be  used  as  a  viable  method  to  reduce  exhaust  smoke  from  gas  turbine  engines. 
This  program  consisted  of  three  phases  to  determine  the  following: 

(1)  Can  mlcroemulslons  be  formulated  of  water-in-JP-4  and  JP-8  and  of  al¬ 
cohol  s- in- J  P-4  and  JP-87 

(2)  Will  these  fuel  formulations  significantly  reduce  exhaust  smoke  from  n 
gas  turbine  combustor? 

(3)  What  are  the  limits  of  the  water  and  alcohol  concentrations  versus  smoke 
reduction,  and  are  there  any  synergistic  effects  with  other  known  and 
candidate  smoke  suppressants  such  as  ferrocene  and  hydrazine,  respect¬ 
ively? 
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Ferrocene  Is  an  established  smoke  suppressant  for  gas  turbines.  Hydrazine  has 
I  not  been  tested  In  a  gas  turbine  combustor,  but  claims (3)  have  been  made  that 

hydrazine  reduces  smoke  In  utility-type  oil  burners. 
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SECTION  II 


APPROACH 


The  technical  plan  shown  in  Figure  1  consists  of  three  phases.  In  Phase  I, 
the  purpose  was  to  prepare  oicroemulsions  of  water-in-fuel  and  alcohols-in- 
fuel  using  JP-4  and  JP-8  as  base  fuels.  After  demonstrating  that  the  micro- 
emulsified  fuels  could  be  "repared,  preliminary  testing  in  a  T-63  combustor 
was  undertaken  in  Phase  li  to  determine  whether  the  water  and  alcohol  ad¬ 
ditions  to  the  neat  JP-4  and  JP-8  would  significantly  reduce  the  exhaust  smoke 
emissions.  Phase  III  Included  the  determination  of  dispersed  phase  concen¬ 
tration  dependence,  the  sensitivity  to  operating  conditions,  and  the  pos¬ 
sibility  of  synerglsms  with  other  smoke-suppressant  additives  (hydrazine  and 
ferrocene).  In  the  case  of  the  metallic  additive,  ferrocene,  tests  were  made 
to  determine  if  the  additions  of  water  or  ethanol  to  JP-4  and  JP-8/ferrocene 
blends  would  reduce  deposition  of  iron  oxide  on  engine  parts. 
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Figure  1.  Ksperimcntai  Approach 


SECTION  III 


EXPERIMENTAL  FACILITIES  AND  METHODS 

Ceneral 

This  work  was  performed  in  the  U.S.  Army  Fuels  and  Lubricants  Research  Lab¬ 
oratory  (AFLRL)  with  the  Array's  permission.  This  facility  was  specially 
designed  to  study  fuel-related  problems  in  the  operation  of  turbine  engines. 
The  air  supply  system  provides  a  clean,  smooth  flow  of  air  to  the  combustion 
test  cell  at  rates  up  to  2.5  Ib/sec  at  pressures  to  16  atm  and  temperatures  to 
1500*F  (unvitlated).  Turbine  flow  meters  and  strain-gage  pressure  transducers 
are  used  to  measure  flow  properties  of  the  air  and  fuel.  Thermocouples  are 
referenced  to  a  150*F  oven.  Data  reduction  is  performed  on-line  with  test 
summaries  available  immediately;  these  summaries  provide  average  flow  data  as 
well  as  standard  deviations  (typically  less  than  1  percent  of  average  values), 
exhaust  temperature  profiles,  and  emissions  data.  Combustion  efficiency  and 
fuel/alr  ratio  ars  calculated  from  the  gaseous  emissions. 

Combustor  Rig 

The  combustor  rig  shown  in  Figure  2  is  based  on  engine  hardware  from  the 
Allison  T-63  engine.  The  burner  is  a  single-can  type  with  a  dual-orifice 
pressure  atomizer  centered  in  the  dome,  as  shown  in  Figure  3.  At  the  burner 
exit,  there  is  a  centerbody  that  directs  the  flow  into  an  annulus  where  the 
nozzles  and  turbine  blades  are  normally  located.  Gas-sampling  probes,  pres¬ 
sure  probes,  and  thermocouples  are  arranged  circumferentially  In  one  plane  of 

this  annulus  at  various  radial  positions.  Table  1  presents  the  air  flow  and 

fuel  flow  conditions  that  were  established  to  correspond  with  various  power 
points  following  the  guidelines  of  the  manufacturer. 

The  Air  Flow  Systeg  —  A  flow  diagram  of  the  air  factory  is  shown  in 

Figure  4.  The  compressed  air  for  the  lab  Is  generated  in  two  stages:  two 

Inge rsol 1-Rand  Pac-Air  rotary-screw  compressors  arc  connected  in  parallel, 
each  delivering  1000  SCFH  at  100  psig.  This  air  goes  through  an  intercooler 
and  then  to  a  single-cylinder  reciprocating  compressor  where  It  is  compressed 
to  250  psifl.  From  there,  the  air  passes  through  an  aftercooler,  a  rcceix'cr, 
and  an  oil  filter  before  going  to  the  flow  controls.  Ttie  oil  carryover  is 
less  than  5  ppm.  There  are  suction  and  discharge  bottles  on  the  booster 
compressor,  which.  In  conjunction  •  'th  the  receiver,  were  designed  on  an 
analog  computer  by  Ingersoll-Rand  t’  liminate  pulsations  from  the  air  flow. 
Pressure  f luctuai Ions  on  the  downstream  side  of  the  receiver  have  been  inea- 
sured  at  less  than  0,1  psi  peak  to  peak  on  a  235  psia  flow  at  a  frequency  of 
about  45  Hertz. 

The  flow  control  system  operates  in  two  parts:  one  valve  Is  ■  'ed  to  provide  a 
pressure  drop  to  the  system  while  a  second  valve  bypasses  any  excess  air  flow 
through  an  exhaust  silencer,  Tlie  compressors  are  always  operating  at  full 
capacity — a  siethcd  which  uses  more  total  energy  but  eliminates  any  surging 
caused  by  the  compressors  unloading. 

A  3-lnch  turbine  flow  eieier  is  used  to  measure  the  air  flow  rate.  Because  a 
turbine  m*»ter  measures  volume  flow,  the  pressure  and  temperature  are  als> 
sensed  at  the  taeter  so  the  flow  measurements  can  be  converted  to  mass  flow 
rate. 
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Figure  3.  T-63  Combustor 


TABLE  1.  T-63  COMBUSTOR  RIG  OPERATING  CONDITIONS 


Percent  BIP  BIT  Wa  Wf  BOT 


Mode 

Power 

(psia) 

m  . 

(Ib/s) 

(Ib/m) 

F/A 

FF 

(®F) 

Ground  Idle 

10 

33.4 

300 

1.40 

0.92 

0.0109 

1.158 

1042 

Cruise 

55 

53.6 

430 

2.06 

1.79 

0.0145 

1.147 

1399 

Climb 

75 

60.7 

472 

2.24 

2.23 

0.0166 

1.123 

1559 

Takeof  f 

100 

69.2 

524 

2,42 

2.87 

0.0198 

1.094 

1790 

Nomencla  i:ure 

BIP;  Burner  inlet  pressure 
BIT:  Burner  inlet  temperature 
Wa  :  Air  flow  rate 
Wf  :  Fuel  flow  rate 
F/A:  Fuel/air  ratio 
FF  :  Wa  BIT/BIP 

BOT:  Typical  burner  outlet  temperature 

The  air  flow  then  enters  a  preheater  which  is  capable  of  heating  the  flow  from 
roughly  100®  to  1550®F.  This  heater  is  an  indirect,  gas-fired  system  with  a 
counterflow  heat  exchanger;  the  air  remains  unvitiated.  The  combustion  con¬ 
trol  system  was  designed  in  accordance  with  FIA  safety  standards  to  automati- 
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Figure  4.  Flow  Diagram  of  Turbine  Combustor  System 


cally  shut  down  the  preheater  in  the  event  of  a  malfunction  in  the  fuel  supply 
or  temperatures  exceeding  established  limits.  The  final  air  temperature  is 
automatically  controlled  by  a  Honeywell  recorder-controller  system  which 
regulates  the  air/fuel  ratio  in  the  combustion  chamber  and  dilutes  the  hot 
exhaust  gases  going  to  the  tube  b'-ndle. 

The  air  flow  is  piped  into  the  test  cell  and,  for  all  practical  purposes,  is 
the  same  a  r’'-'*  air  from  any  turbine  compressor.  It  is  essentially  pulsation 
free  and  o;  .  fice,  and  its  moisture  content  is  controlled.  The  air  flow  rate, 
pressure,  and  temperature  are  Independently  adjustable  to  any  values  within 
the  operating  envelope. 

The  Fuel  Supply  System  —  The  fuel  supply  system  is  capable  of  pumping 
fluids  ranging  in  properties  from  JP-4  to  No.  5  diesel  at  flow  rates  of  over  1 
g'>l./min,  and  pressures  up  to  1000  psi.  For  this  program,  the  fuels  were 
turced  from  drums  to  the  fuel  selection  manifold  system  fsee  Figure  5)  v/ith 
pressurized  inert  gas.  The  manifold  employs  twelve  solenoid  valves  (for  12 
fuels).  After  the  manifold,  a  high-pressure  pump  delivers  fuel  to  the  com¬ 
bustor.  The  plumbing  from  the  pump  to  the  combustor  is  stainless  steel  to 
facilitate  cleaning  when  special  fuels  or  fuel  additives  are  used, 

A  turbine  flow  meter  is  used  to  measure  the  flow  rate  of  the  fuel.  On  start¬ 
ing,  a  system  of  valves  and  bypasses  are  used  to  bring  the  flow  rate  up  to  the 
desired  level  before  introducing  it  to  the  combustion  chamber.  On  shutdown, 
the  lines  can  be  drained  and  purged  with  an  inert  gas. 

Exhaust  System  —  A  pneumatically-controlled  valve  is  located  downstream 
of  the  quench  section  to  maintain  the  pressure  in  the  combustor  system.  A 
silencer  is  used  to  attenuate  the  flow  noise  exhausting  from  the  valve  to  the 
atmosphere. 

Data  Acquisition  System  —  The  data  acquisition  system  is  based  on  a 
Hewlett-Packard  9820  programmable  calculator  with  associated  hardware.  Figure 
6  shows  a  flow  chart  of  the  system,  A  digital  voltmeter  is  coupled  to  a 
50-channel  scanner  which  samples  the  voltage  outputs  from  the  various  sensor 
systems  and  then  feeds  the  corresponding  digital  values  into  the  calculator. 
The  calculator  handles  all  of  the  data  reduction  and  any  necessary  oalcula- 
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tions,  e.g.,  combustion  efficiency,  flow  factor,  and  exhaust  emissions  co¬ 
efficients,  The  resulting  data  are  then  output  in  one  of  three  ways; 

1.  It  can  be  stored  on  magnetic  tape  for  further  reduction  at  a  later 
time. 

2.  It  can  be  output  graphically  on  an  X-Y  plotter, 

3.  It  can  be  put  on  a  printer  along  with  any  appropriate  alphanumeric 
titles  or  column  headings. 


The  sensing  systems  consist  of  strain-gauge  pressure  transducers,  thermo¬ 
couples,  and  turbine  flowmeters.  Regulated  power  supplies  are  used  with  the 
pressure  transducers,  A  vacuum/pressure  reference  system  is  used  to  calibrate 
the  transducers  against  a  Wallace  and  Tiernan  gauge;  use  of  three-way  valves 
allows  this  to  be  done  during  a  test  and  without  disconnecting  the  trans¬ 
ducers,  The  thermocouples  are  referenced  to  a  150"?  oven;  the  unit  will 
handle  up  to  50  thermocouples  of  any  type  including  platinum. 


Exhaust  Analysis  Instrumentation  —  Exhaust  emissions  are  measured  on¬ 
line  using  the  following  instruments  in  accordance  with  SAE-ARP  1256  with  the 
exception  of  the  NO/NO  measurements  which  are  done  by  chemiluminescence; 
the  e  instruments  and  appropriate  calibration  gases  are  available  essentially 
’00  percent  of  the  time: 


_ Samp le 

Carbon  Monoxide 
Carbon  Dioxide 


_ Instrument 

Beckman  Mouel  315B  NDIR 
Beckman  Model  315B  NDIR 


Unburned  Hydro-  Beckman  Model  402  FID 

carbons  Hydroerbon  Analyzer 

Nitric  Oxide  ITii-rmo-Electron  lOA 

Chemlluraxnes'ence  Analyzer 


Sensitivity 

50  ppm  to  16% 

300  ppm  to  16% 

0,5  ppm  to  i0% 

(CH^) 

3  ppm  to  10,000  ppm 


Total  Oxides 
of  Nitrogen 


Oxygen 


Thermo-Electron  lOA  3  ppm  to  10,000  ppm 

Cheinllumlne'’cfcnce  Analyzer 

With  NO  Converter 
X 

Beckman  Fi->’dlab  Oxygen  0,1  ppm  to  100% 

Analyzer 


The  exhaust  sample  is  brought  to  the  instruments  through  a  350“)'  heated  Teflon 
line  and  then  rpproprlately  distributed. 


Smoke  Analysis  System  —  The  system  used  for  measuring  exhaust  smoke 
level  is  in  accordance  with  the  . equireraents  of  SAE-A-TP  1179.  Briefly,  a 
sample  of  the  exhaust  is  passed  through  a  strip  of  filter  paper.  Particulates 
from  the  exhaust  are  trapped  on  ^he  surface,  Kavlng  a  spot  ranging  in  gray¬ 
ness  from  white  to  black,  depending  on  th*'  sample  size  and  particulate  content 
of  the  exhaust,  TJie  grayness  of  the  spot  is  evaluated  with  a  ref lectometer. 
The  smoke  number  of  each  spot  ir  then  calculated  by: 
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(1) 


SN  -  (1  -  R  /R  ) 

8  W 

where  R  and  R  are  the  diffuse  reflectance  of  the  sample  spot  and  the  clean 
filter  paper,  Respectively.  Exhaust  samples  are  taken  over  a  range  of  sample 
sizes  around  W/A  ■>  0,023  pound  of  sample  per  square  inch  of  filter  area.  The 
resulting  smoke  numbers  are  plotted  against  log  (W/A),  They  are  least-squares 
fitted  tc  a  straight  line;  the  Interpolated  value  of  SN  at  W/A  ■  0.023  is  the 
reported  smoke  number  for  the  engine  operation  condition. 

Mass  particulate  density  is  calculated  from  the  smoke  number  according  to  a 
semi-logarithm  correlation  reported  by  Champagne  (4)  and  curve  fitted  by 
Troth,  et  al«,  (5)  as  follows: 


d^  -  exp(K^j^SN)  [1  -  exp(-K2SN)]  +  exp[-K3^(SN  -  (2) 

where 

d  “  true  smoke  density,  mg/standard  cubic  meter 
8 

SN  “  smoke  number  (ARP  1179  Procedure) 

K,  -  0.8 
la 

=  0.057565 

Kj  -  0.1335 

K,  =  0.0942 
3a 

-  0.005 
Ksc  -  27.5 

Radiation  Measurement  —  Radiation  from  the  primary  zone  of  the  combustor 
is  measured  by  a  water-cooled  bolometer-type  radiation  sensor  attached  to  the 
side  of  the  burner  (see  Figure  3).  The  sensor  has  a  sapphire  window  and  a 
viewing  angle  of  150  degrees. 


Combustion  Efficiency  —  Combustion  efficiencies  are  calculated  from  the 
exhaust  gas  analysis  according  to  a  relationship  developed  by  Hardln(6): 

A-f(UBH)-121,745-f (C0)-38,880*f (N0)-14,654-f(N02)  ] 

1 - - - —  ‘lOOZ  (3) 

L  A* [£(C02)+f (CO)+f (UBH)J  J 

where  f(i)  is  the  concentration  of  "i”  in  the  exhaust  and  A  is  a  constant 
based  on  the  heat  of  combustion  and  hydrogen /carbon  ratio  of  the  fuel. 


Test  Fuels 


The  test  fuels  were  formulated  in  the  first  phase  of  the  program.  The  ob¬ 
jectives  were  (1)  to  evaluate  several  mlcroemulslons  of  water  in  JP-“4  and  JP-8 
and  alcohols  in  JP-4  and  JP-8  using  surfactants  that  had  previously  shown 
promise  in  similar  diesel  fuel  preparations  and  (2)  to  select  the  most  favor¬ 
able  formulations  from  each  of  these  four  categories  for  combustor  testing. 

The  JP-4  and  JP-8  base  fuels  meeting  ASTM  specifications  were  obtained  from  a 
local  distributor.  The  JP-4  and  JP-8  as  received  had  somewhat  low  aromatic 
contents,  15  and  8  percent,  respectively,  so  that  for  this  work  aromatics  of 
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an  appropriate  boiling  range  were  added  to  them  to  assure  smoke  numbers  above 
30  in  the  combustor  tests.  A  summary  of  the  fuel  properties  of  JP-4  and  JP-8 
used  in  blending  the  microemulsified  fuels  is  given  in  Table  2. 


TABLE  2.  SUMMARY  OF  FUEL  PROPERTIES  FOR  JP-4  AND  JP-8 

JP-4  JP-8 


Heat  of  Combustion,  Net  (Btu/lb) 

18,359 

18,390 

Carbon,  %  by  Weight 

86.45 

86.34 

Hydrogen,  %  by  Weight 

13.54 

13.64 

Aromatic  Ring  Carbon  by  UV 

Single  Ring,  X  by  Weight 

17.2 

19.5 

Double  Ring,  X  by  Weight 

1.1 

0.4 

Triple  Ring,  X  by  Weight 

0.0 

0.0 

HPLC  Analysis 

Saturated,  %  by  Weight 

— 

77.4 

Aromatics,  %  by  Weight 

— 

22.6 

FIA  Analysis 

Aromatics,  X  by  Volume 

23.1 

23.6 

Olefins,  X  by  Volume 

0.6 

2.8 

Saturates,  %  by  Volume 

76.3 

73.6 

Viscosity  at  40“C,  (cSt) 

0.60 

0.96 

Flash  Point,  “F 

— 

106 

Freeze  Point,  "C 

-72 

-67 

Specific  Gravity  at  60®F 

0. 7640 

0.7941 

API  Gravity  at  60®F 

53.7 

46.7 

Smoke  Point,  mm 

17.9 

19.8 

Aniline  Point,  "C 

34.8 

50.0 

Final  Boiling  Point,  ’C 

194 

256 

H/C  Atom  Ratio 

1.879 

1.896 

Based  on  previous  experience  in  formulating  microemulsions  of  water,  methanol, 
and  ethanol  with  diesel  fuels,  eighteen  different  surfactants  (see  Table  3) 
were  selected  as  being  potentially  successful  for  JP-4  and  JP-8.  Of  these, 
the  most  appropriate  surfactants  were  selected  by  evaluating  approximately 
fifty  test  formulations  for  each  JP-4  and  JP-8.  The  laboratory  test  data  on 
the  formulations  are  present  in  Tables  4  and  5,  and  the  results  are  summarized 
below. 

A.  MICROEMULSIFICATION  OF  JP-4 

(a)  Anhydrous  ethanol,  as  expected,  is  miscible  in  any  proportion  with 
JP-4  without  the  aid  of  an  emulsifying  agent, 

(b)  Aqueous  ethanol,  containing  about  7  weight  percent  water,  required  a 
surfactant  to  be  dispersible  in  JP-4,  A  blend  composed  of  80  milliliter  of 
JP-4  and  10  milliliter  of  any  one  of  the  18  surfactants  listed  in  Table  3 
could  disperse  over  100  milliliter  of  the  aqueous  ethanol.  Of  these  surfac¬ 
tants,  two  were  randomly  selected  and  were  examined  at  reduced  concentrations. 
Tliese  studies  showed  stable  microemulsions  were  formed  by  blends  containing  2 
volume  percent  of  Schercomid  SO-A®  and  18  volume  percent  of  aqueous  ethanol 
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of  4lcoh<*l  or  v4Cer  to  produce  ellght  haze  In  olxture. 
of  alrnHoI  or  *#4eer  to  produce  phaM  separation. 


in  the  JP-4.  Also,  5  volume  percent  of  Product  17-43-1  was  able  to  disperse 
at  least  30  volume  percent  of  aqueous  ethanol;  however,  2  volume  percent  of 
this  surfactant  was  insufficient  to  disperse  18  volume  percent  of  the  aqueous 
ethanol. 

(c)  Anhydrous  methanol  in  JP-4  reacted  similarly  to  aqueous  ethanol  in 
that  10  milliliter  of  any  of  the  18  listed  surfactants  blended  with  80  milli¬ 
liter  of  JP-4  was  able  to  disperse  over  100  milliliter  of  absolute  methanol. 
Of  the  18  surfactants,  three  were  randomly  selected  and  each  was  tested  at  a 
coiKentration  of  3  volume  percent.  Each  of  these  emulsifying  agents  (SO-Av 
OMlNy'  and  17-43-1)  could  support  at  least  30  volume  percent  of  aoselute  metha¬ 
nol  in  the  JP-4. 

(d)  Aqueous  methanol  was  found  to  require  a  much  higjjer  concentration  of 
surfactant.  The  study  indicated  10  volume  percent  of  SG-ZUyor  OMI0could  dis¬ 
perse  15  volume  percent  of  aqueous  methanol,  while  equal  volumes  of  Product 
10-8-1  or  17-43-1  were  needed  to  disperse  an  equal  volume  of  aqueous  methanol. 

(e)  Water  could  be  dispersed  in  JP-4  with  several  surfactants.  The 
study  showed  that  20  volume  percent  of  water  could  be  dispersed  with  10  volume 
percent  of  Schercomul  G@or  Schercomid  1-102®  or  Clindrol  100  CG®  A  phen^ 
menon  not  observed  elsewhere  was  noted  in  the  case  of  Schercomid  1-10^ 
While  10  volume  percent  of  this  surfactant  produced  clear  products  with  15  or 
2u  volume  percent  of  water,  phase  separation  occurred  if  only  10  volume  per¬ 
cent  of  water  was  used. 

R.  MICRODIULSIFICATION  OF  JP-8  was  generally  more  difficult  than  microemul- 

siflcatlon  of  JP-4. 

(a)  Anhydrous  ethanol  is  miscible  with  JP-8  in  any  proportion  wit;  'Ku 
the  use  of  emulsifying  agents. 

(b)  Aqueous  ethanol,  containing  about  7  weight  percent  of  water,  could 
be  dispersed  in  JP-8  with  all  but  one  of  the  18  surfactants  that  wrked  with 
JP-4.  The  most  efficient  of  these  surfactants  was  Schercomid  OMI^  followed 
by  (in  decreasing  order  of  efficiency)  Schercomid  SO-A®,  Schercomul  I®,  and 
Product  lO-8-U 

(c)  Anhydrmis  methanol  can  be  emulsified  in  JP-8  most  efficiently  with 
Schorcomids  SO-A®  and  OMI®  as  10  volume  percent  of  either  one  of  these  sur¬ 
factants  is  capable  in  dispersing  up  to  20  volume  percent  of  absolute  metha¬ 
nol. 


(d)  Aqueous  methanol,  containing  about  7  weight  percent  of  water,  could 
also  l^eraulslficd  in  JP-8  most  efficiently  with  the  aid  of  Schercomids  SO-/® 
or  OKIM  However,  the  required  volumetric  ratio  of  surfactant  to  aqueous 
methanol  was  found  to  be  one-to-one. 

(e)  Water  was  mlcroemulslf led  in  JP-A  best  by  the  aid  of  either  Scher¬ 
comid  SCO-EX®or  by  Clin^ol  101  Cf®  As  indicated  by  tests,  10  volume  per¬ 
cent  of  Schercomid  SCO-EX®could  disperse  at  ^ast  20  volume  percent  of  water, 
while  10  volume  percent  of  Clindrol  101  CG®emulslfled  at  least  15  volume 
percent  of  water. 
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Finally,  in  the  fuel  blends  prepared  for  combustor  tes^ng  in  Phase  II  and  III 
of  the  program,  the  surfactant  with  Schercomid  SO-A®  from  Scher  Chemical 
Company  was  selected  for  the  preparation  of  the  aqueous  methanol  and  ethanol 
and  the  anhydrous  methanol  in  JP-4  and  JP-8  mlcroemulslons.  The  JP-8  blends 
required  a  higher  concentration  of  SO-A  than  the  corresponding  JP-4  blends. 
In  preparing  the  wat^/fuel  mlcroemulslons,  two  surfactants,  Cllndrol  100  CG® 
and  Cllndrol  101  CG®  from  Cllntwood  Chemical  Company  were  selected  for  the 
respective  JP-4  and  JP-8  blends.  The  pertinent  properties  of  these  surfac¬ 
tants  are  given  below  in  Table  6. 


TABLE  6. 

PHYSICAL 

AND  CHJMICAL 

PROPERTIES  OF  SURFACTANTS 

Gross 

SO-/® 

Cllndrol  100  CG® 

Cllndrol  101  CG® 

Heat  of  Combustion  (Btu/lb) 

15,680 

14,025 

14,405 

Hydrogen,  wt% 

11.73 

11.2 

11.2 

Carbon,  wt% 

71.49 

58.9 

59.3 

Oxygen,  wtZ 

12.99 

25.53 

25.13 

Nitrogen,  wtZ 

3.79 

4.37 

4.37 

Specific  Gravity 

0.9539 

0.9985 

0.9896 

Fuels  containing 

the  smoke 

suppressant 

ferrocene  were 

prepared  by  dissolving 

the  ferrocene  in 

the  base 

fuel  followed  by  addition 

of 

surfactant  and  dis- 

parsed  phase.  Hydrazine  in  the  form  of  hydrazine  hydrate  was  added  to  an 
anhydrous  ethanol/fuel  blend  because  it  had  very  limited  solubility  in  the 
neat  JP-4  and  JP-8  base  fuels.  This  method  of  increasing  the  solubility  of 
hydrazine  in  ptetroleum-based  fuels  has  been  previously  reported. (3) 

A  summary  of  all  the  fuel  blends  prepared  for  combustor  testing  is  shown  in 
Table  7. 

Results  of  Preliminary  Combustor  Testing 

In  Phase  II  the  fuel  blends  Identified  in  Table  7  were  tested  at  the  takeoff 
operating  condition  to  determine  if  significant  reductions  in  exhaust  smoke 
could  be  achieved;  this  operating  condition  was  selected  because  it  is  the 
smokiest  condition.  A  40-percent  reduction  in  smoke  number  was  considered 
significant,  since  in  the  earlier  Navy  work(l,2),  that  percentage  corresponded 
to  a  reduction  in  the  J-79  plume  visibility  from  Ringleman  2.5  to  1. 

Figures  7(a),  7(b),  and  7(c)  show  the  effects  of  adding  ethanol,  methanol,  and 
water,  respectively,  on  the  smoke  number.  All  three  gave  significant  reduc¬ 
tions  In  smoke  number  with  modest  concentrations. 

Figures  8(a)  and  8(b)  show  the  relative  fuel  cost  to  reduce  exhaust  smoke. 
The  relative  smoke  number  is  plotted  against  the  relative  fuel  cost  in  dol¬ 
lars/million  Btu  because  it  is  the  heat  input  rate  requited  to  maintain  a 
specific  combustor  operating  condition  that  is  important.  In  comparing  the 
slopes  of  the  curves  shown  in  Figures  8(a)  and  8(b),  it  is  apparent  that  the 
anhydrous  ethanol  solutions  are  most  cost  effective.  It  is  clear  that  the 
aqueous  methanol  microemulsion  costs  the  most  whereas  the  other  mlcroemulslons 
made  with  anhydrous  methanol,  aqueous  ethanol,  and  water  are  about  the  same. 
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TABLE  7.  FUEL  MICROEMULSIONS  AND  SOLUTIONS  TESTED 


Part  1.  JP-4  Fuel 


JP-A 

Ethanol 

Methanol 

Water 

ClindrolG) 

SO-/® 

Ferrocene 

Hydrazine 

(voin 

(VolZ) . 

(VolZ) 

(VolZ) 

lOOCG  (VolZ) 

(VolZ) 

.  (wtz) 

(WtZ) 

*  90 

10 

85  # 

15 

*  80 

20 

75  # 

25 

60  # 

40 

*  87 

9.3 

0.7 

3 

*  77 

18.6 

1.4 

3 

*  87 

10 

3 

*  77 

20 

3 

*  80 

9.3 

0.7 

10 

*  60 

18.6 

1.4 

20 

90  f 

5 

5 

*  80  # 

10 

10 

70  # 

15 

IS 

*  60 

20 

20 

100  # 

0.01 

85  # 

15 

0.01 

90  # 

5 

5 

0.01 

>**85 

15 

0.1 

**84.5 

15 

0.6 

**85 

15 

0.01 

0.1 

90  # 

10 

Part 

2.  JP-8  Fuel 

JP-8 

Ethanol 

Methanol 

Water 

Cllndrol© 

SO-A® 

Ferrocene 

Hydrazine 

(VolZ) 

(VolZ) 

(VolZ) 

(VolZ) 

lOOCG  (VolZ) 

(VolZ) 

(WtZ) 

(WtZ) 

*  90 

10 

83  t 

15 

*  80 

20 

75  » 

25 

60  t 

40 

*  85 

9.3 

0.7 

5 

*  75 

18.6 

1.4 

5 

*  84 

10 

6 

*  70 

20 

10 

*  79 

9.3 

0.7 

11 

*  60 

18.6 

1.4 

20 

90  t 

5 

3 

*  80  1 

10 

10 

70  t 

15 

15 

*  60 

20 

20 

100  # 

0.01 

85  1 

15 

O.Ol 

90  # 

5 

5 

0.01 

*•85 

15 

0.01 

0.1 

90  # 

10 

*  Fuel  blends 

tested  at  the 

takeoff 

condition  in  Phase  11 

**  Tested  only  at  the  takeoff  condition 
i  Tested  at  all  operating  conditions  shown  in  Table  1 
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Plfiufe  7(a).  Effect  of  Ethanol  Figure  7(b).  Effect  of  Methanol  Figure  7(c).  Effect  of  Water 

Concentration  on  Exhaust  Snoke  Nurober  Concentration  on  Exhaust  Smoke  Number  Concentration  on  Exhaust  Smoke  Number 
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Figures  9(a)  and  9(b)  show  the  relative  Increase  in  fuel  flow  rate  that  is  as¬ 
sociated  with  the  reduction  in  exhaust  smoke  number.  This  can  be  a  signifi¬ 
cant  factor  in  operating  the  engine  because  there  are  limits  to  the  amount  of 
fuel  that  can  be  delivered  to  the  combustor  b>  means  of  the  fuel  atomizing 
nozzle.  Unfortunately,  the  results  illustrated  in  Figures  9(a)  and  9(b)  are 
undiscerning;  the  methanol  fuels  show  only  a  slight  advantage  over  the  ethanol 
fuels. 

In  coiisldering  both  of  the  criteria  given  above,  fuels  blended  with  ethanol 
are  favored  most.  Anhydrous  ethanol  solutions  also  have  the  advantage  of 
being  two  component  systems,  which  simplifies  the  blending  of  fuels  for  engine 
testing.  The  aqueous  ethanol  microemulsions  require  relatively  low  surfactant 
concentrations,  especially  at  high  ethanol  concentrations. 

It  was  therefore  decided  that  continuation  with  the  next  phase  of  compre¬ 
hensive  testing  was  justified  and  that  the  testing  should  be  done  with  the 
ethanol/fuel  solution  and  water/fuel  emulsion  systems. 

Comprehensive  Combustion  Performance  Testing 

The  comprehensive  testing  was  done  at  the  four  combustor  operating  conditions 
given  in  Table  1,  ranging  from  idle  to  full  power.  The  details  of  the  fuel 
blends  are  given  In  Table  '/. 

The  effects  of  water  and  ethanol  concentrations  in  JP-4  and  JP-8  on  combustion 
performance  were  determined.  This  included  the  measurement  of  exhaust  smoke 
number,  flame  rad^-aiion  In  the  primary  zone  of  the  combustor,  and  the  gaseous 
emissions  (THC,  CO  and  NO  );  combustion  efficiency  was  calculated.  The  test 
results  in  tabulated  form  ^re  given  in  Appendix  A,  The  effects  of  ethanol  and 
water  on  exhaust  smoke  and  flame  radiation  are  shown  in  Figures  10  through  13; 
the  effects  on  the  gaseous  emissions  and  combustion  efficiency  are  shown  in 
Figures  14  through  17,  In  general,  exhaust  smoke  and  flame  radiation  were  re¬ 
duced  by  all  the  emulsions  while  carbon  monoxide  and  total  hydrocarbon  emis¬ 
sions  increased,  thus  reducing  combustion  efficiency. 

Water  and  ethanol  were  both  very  effective  in  reducing  soot  formation.  It 
will  be  shown  later  that  their  effectiveness  is  determined  by  the  degree  with 
which  they  increase  the  hydrogen/carbon  ratio  of  the  fuel  blend.  At  the 
highest  power  (takeoff)  condition,  water  and  ethanol  gave  the  most  significant 
rediictions  in  exhaust  smoke,  and  flame  radiation  while  the  changes  in  the 
emissions  of  total  hydrocarbons  and  carbon  monoxide  were  very  modest.  As  the 
power  was  reduced,  the  effect  of  water  and  alcohol  on  smoke  and  radiation 
became  less  dramatic  but  the  emissions  of  hydrocarbons  and  carbon  monoxide 
increased.  The  total  hydrocarbon  and  carbon  monoxide  emissions  were  con¬ 
siderably  higher  in  the  case  of  the  water/fuel  microemulsions  than  the  eth- 
anoi/fuel  solutions.  In  earlier  work  with  water/fuel  macroemulsions,  it  was 
also  found  that  the  emissions  of  hydrocarbons  and  carbon  monoxide  were  in¬ 
creased  dramatically  at  the  ground  idle  operat^g  conditions.  In  fuel  blends 
containing  only  the  surfactant  (Ciindrol  100  CG©),  the  hydrocarbon  and  carbon 
monoxide  emissions  were  about  the  same  as  the  neat  fuel,  Indicating  these 
higher  boiling  point  materials  were  not  the  cause.  The  effect  would  therefore 
appear  to  be  differences  In  fuel  atomization  and  vaporization  rates  because, 
at  low  power  conditions,  combustion  is  controlled  largely  by  the  fuel  vapor¬ 
ization  process. 


20 


ANHYDROUS  METHANO 


JP4  BASE  FUEL 


CARiON  MONOXIDE  E5.E.I.  TOTAL  HYDROCARBON,  E,S.E.I. 


0  10  20  30  40  OS  10  15  20 

VOL  X  ETHANOL  VOL  S  WATER 


Figure  14.  Effects  of  Ethanol  and  Water  on  Exhaust  Hydrocarbons: 
JP-8  (Energy  Specific  Emissions  Index) 
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Figure  15.  Effects  of  Ethanol  and  Water  on  Carbon  Monoxide: 
JP-8  (Energy  Specific  Emissions  Index) 
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Figure  16.  Effect  of  Ethanol  and  Water  on  Exhaust  NO 
JP-8  (Energy  Specific  Emissions  Index)  ' 
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Figure  17.  Effect  of  Ethanol  and  Water  on  Combustion 

Efficiencv;  JP-8 


The  fuel  properties  that  affect  atomization  and  droplet  vaporization  are 
viscosity  and  boiling  point  distribution,  respectively.  The  viscosity  of  the 
water/fuei  mlcroemulsion  was  much  higher  than  that  of  the  ethenol/fuel  blend. 
This  would  result  in  a  significant  difference  in  the  Sa  '■.er  mean  diameter  of 
the  fuel  droplets  in  the  sprays  and  a  corresponding  difference  in  the  rates  of 
vaporization.  It  is  well  known  that  the  fuel  droplet  vaporization  time  is 
proportional  to  the  square  of  the  droplet  diameter (7). 

The  effect  of  boiling  point  distribution  is  speculative  because  of  the  complex 
nature  of  the  vaporization  process  for  immiscible  systems  (emulsions)  and 
non-ideal  solutions  such  as  alcohol/fuel  blends.  The  temperature  of  a  vapor¬ 
izing  droplet  is  approximately  equal  to  the  boiling  point  of  the  most  volatile 
component  in  the  fuel;  for  JP-8,  there  is  little  doubt  that  water  and  ethanol 
are  the  lowest  boiling  point  components.  In  JP-4  there  are  some  hydrocarbons 
in  the  same  boiling  point  range  as  ethanol  and  water,  but  they  are  probably  in 
relatively  low  concentration.  Thus,  in  either  case  of  JP-4  or  JP-8,  the  rate 
of  vaporization  of  a  droplet  containing  ethanol  would  be  slower  than  that  of 
the  neat  fuel  droplet  because  the  temperature  of  the  droplet  would  be  de¬ 
pressed  by  the  presence  of  ethanol.  This  may  account  for  the  increased  total 
hydrocarbons  and  carbon  monoxide  that  are  formed  by  the  ethanol/fuel  blends. 
It  appears  that  this  effect  would  be  greater  for  water  even  though  its  boiling 
point  is  higher  than  that  of  ethanol.  Ethanol  is  able  to  burn  and  thereby 
transfer  heat  back  to  the  droplet  whereas  the  vaporization  of  the  watsr-con- 
tainlng  droplet  is  more  dependent  on  convective  heat  transfer  from  the  sur¬ 
rounding  gas.  Because  of  the  immiscible  nature  of  the  water/fuel  emulsion, 
the  water  evaporates  much  more  freely;  this  suggests  the  possibility  that  the 
fuel  droplet  may  not  ignite  until  most  of  the  water  has  evaporated.  The  water 
with  its  relatively  high  enthalpy  of  vaporization  evaporates  preferentially 
and  suppresses  the  volatilization  of  combustible  components.  This  cooling 
effect,  combined  with  the  relatively  high  viscosity  of  the  water/fuel  micro- 
emulsions,  may  account  for  the  substantial  Increase  in  hydrocarbon  and  carbon 
monoxide  emissions  that  are  observed. 

It  was  found  that  while  the  ethanol  blends  reduced  the  oxides  of  nitrogen,  the 
water-ln-fuel  microeraulsions  increased  them  significantly  because  the  sur¬ 
factant  contained  nitrogen.  It  was  not  possible  to  calculate  the  conversion 
of  fuel-bound  nitrogen  to  NO  relative  to  that  produced  by  the  Zeldovich 
mechanism  (thermal  NO  )(7),  because  the  affect  of  water  was  not  known.  In  the 
earlier  work  with  macroemulsified  fuels  where  the  surfactant  was  free  of 
nitrogen,  the  NO  was  reduced  significantly  by  the  presence  of  water  and 
undoubtedly  would ^ave  been  here  also. 

Fuel  blends  of  JP-4  and  JP-8  containing  10-percent  surfactant  were  tested  at 
all  four  operating  conditions.  In  these  experiments,  it  was  possible  to 
determine  the  conversion  of  fuel-bound  nitrogen  to  NO  by  simply  comparing  the 
NO  produced  by  the  surfactant-containing  fuel  with  tfiat  of  the  neat  fuel.  It 
was  found  that  the  conversion  efficiencies  (78  and  63  percent  for  JP-4  and 
JP-8,  respectively)  were  essentially  the  same  at  all  operating  conditions. 
These  fuel  blends  contained  0,437  percent  nitrogen;  according  to  Blazowskl (8) , 
the  percent  conversion  to  NO  is  inversely  proportional  to  the  concentration 
of  fuel-bound  nitrogen. 
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Smoke  Suppressant  Additives 

The  metallic  smoke-suppressant  additive,  ferrocene,  was  examined  for  possible 
synerglsms  with  the  water  and  ethanol  in  JP-4  and  JP-8  fuel  blends.  Ferro¬ 
cene,  dlcyclopenladlenyl  iron,  is  a  solid  organo-metallic  compound  that  is 
sparingly  soluble  in  hydrocarbons.  When  used  as  a  smoke-abatement  fuel  ad¬ 
ditive  in  test  cell  applications,  the  concentration  is  quite  low,  generally 
less  than  0.05  percent,  so  it  is  first  dissolved  in  xylene  to  simplify  the 
metering  of  such  small  amounts  of  additive  into  the  fuel  stream.  In  the 
present  work,  the  ferrocene  was  dissolved  in  the  JP-4  and  JP-8  base  fuels 
before  the  water,  ethanol,  and  surfactant  were  added. 

Early  studies  by  Friswell(9)  and  Shirmer(lO)  and  recent  work  by  the  USAF(ll) 
have  shown  that  ferrocene  and  a  similar  organometallic  of  manganese  give  sig¬ 
nificant  reductions  in  exhaust  smoke  from  gas  turbines  but  have  virtually  no 
effect  on  primary  zone  flame  radiation  and  liner  temperature.  This  is  con¬ 
firmed  by  the  result  shown  in  Figure  18  where  the  exhaust  smoke  is  reduced. 


Figure  18.  Effect  of  Ferrocene  and  Hydrazine  on  Flame 
Radiation  and  Exhaust  Smoke 


but  the  flame  radiation  is  unchanged  by  the  presence  of  ferrocene  in  a  Jet  A 
reference  fuel.  Cotton,  Frlswell,  and  Jenkins(12)  suggest  that  the  metal 
oxide  is  trapped  within  the  soot  particles  and  acts  as  an  oxidation  catalyst. 
In  oxygen-rich  flames,  it  appears  that  the  metal  is  readily  oxidized,  forming 
a  superoxide  MO^,  which  acts  as  an  intermediate  that  reduces  the  activation 
energy  of  the  carbon-oxygen  reaction. 
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Figure  19  compares  the  effect  on  exhaust  smoke  when  ferrocene  is  added  m  the 
neat  fuel,  water/fuel  mlcroemulslons,  ethanol/fuel  solutions,  and  the  refer¬ 
ence  fuel  Jet  A.  The  results  show  a  similar  smoke  number  reduction  in  all 
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Figure  19.  Synergistic  Effects  Between  Microemulsions 

and  Ferrocene 


cases.  Indicating  that  there  are  no  synergistic  effects  between  ferrocene  and 
the  fuel  blends.  Perhaps  iron  in  the  form  of  a  water-soluble  inorganic  salt 
such  as  Fe(N02)2  could  be  blended  with  the  water/fuel  microemulsions  with  the 
same  effectiveness  as  ferrocene  since  the  water  in  the  test  fuel  did  not  have 
a  deleterious  effect  on  the  performance  of  ferrocene.  If  the  iron  was  tn  the 
water  prior  to  fuel  blending,  this  may  be  a  more  feasible  approach  from  a 
system-operation  standpoint. 

Hydrazine  was  considered  as  a  possible  smoke  suppressant  additive  for  gas 
turbine  use  because  it  has  been  claimed  that  it  can  reduce  smoke  from  utility- 
type  burners(3).  Figure  15  shows  the  effect  of  hydrazine  on  exhaust  smoke  and 
flame  radiation.  Hydrazine  used  in  low  concentrations  (less  than  0.1  percent) 
could  reduce  smoke  dramatically  by  some  unknown  mechanism,  or  it  could  be  used 
in  higher  concentrations  (greater  than  1  percent)  to  reduce  smoke  by  in¬ 
creasing  the  hydrogen/carbon  ratio  of  the  fuel.  Based  on  the  results  in 
Figure  18,  the  modest  reductions  in  radiation  and  smoke  can  only  be  attributed 
to  the  H/C  ratio  effect.  Since  this  addition  is  not  effective  except  by  In- 


creasing  the  H/C  ratio,  there  was  no  reason  to  expect  any  synergistic  effects 
with  the  emulsions,  and  no  further  work  was  done  with  hydrazine. 

Deposits 

Ferrocene  is  known  to  produce  iron-oxide  deposits  on  engine  parts  such  as  the 
combustor  liner  and  the  turbine  blades.  Tests  were  conducted  to  compare  the 
deposits  formed  by  water  and  ethanol/fuel/ferrocene  blends  with  those  of  neat 
fuel/ferrocene  blends.  The  fuels  were  each  run  for  twenty-five  minutes  at 
each  of  the  four  operating  conditions  given  in  Table  1.  The  burner-can  was 
weighed  and  photographed  after  each  test.  The  photographs  comparing  the 
condition  of  the  burner-can  and  turbine-inlet-annulus  after  exposure  to  var¬ 
ious  test  fuels  are  shown  in  Figure  20.  The  orange  deposit  (iron  oxide) 
appears  to  be  about  the  same  for  the  neat  fuel  and  ethanol  fuel  blends  con¬ 
taining  ferrocene.  The  water/fuel  microemulsion  containing  ferrocene  ex¬ 
hibited  a  yellowish-type  deposit  that  seemed  to  consist  of  iron  oxide  and  a 
varnish  which  may  have  been  formed  from  the  surfactant. 

The  changes  in  weight  of  the  burner-can  are  given  in  Table  8. 

TABLE  8.  DEPOSIT  FORMATION/WEIGHT  CHANGE  OF  BURNER  CAN 
_ Fuel  With  0.01%  Ferrocene _  Weight  Change,  g 


Neat  JP-4 

0.1 

Neat  JP-8 

0.17 

Ethanol/JP-4 

0.22 

Ethanol/JP-8 

0.20 

Water/JP-4 

2.52 

Water/JP-8 

100  CG®  without  Ferrocene 

0.55 

JP-4/Clindrol 

0.5 

JP-8/Clindroi 

101  CG®  without  Ferrocene 

0.5 

JP-4  and  JP-8 

without  Ferrocene 

no  change 

The  results  indicate  that  deposits  with  ethanol/fuel  blends  are  slightly 
higher  than  with  the  neat  fuels;  deposits  with  the  water/fuel  mlcroemulslons 
are  obscured  by  varnish-type  deposits  that  probably  come  from  the  surfactant. 

Note  that  the  deposits  with  the  Mter/fuel  microemulsions  Mre  of  the  same 
order  as  the  JP-4/Clindrol  100  CC^and  JP-8/Clindroi  101  CC®blends  not  con¬ 
taining  ferrocene. 

Cost  Effectiveness 

Figure  21  shows  the  relative  cost  to  reduce  the  smoke  number  of  the  base  fuel 
by  adding  water  and  alcohols.  The  anhydrous  ethanol  solutions  appear  to  be 
the  most  effective  from  a  cost  standpoint.  However,  the  water-in-fuel  micro¬ 
emulsions  are  v;uite  effective  considering  the  high  surfactant  concentration 
and  its  high  cost  ($0. 80/lb)  compared  with  anhydrous  ethanol  ($0.30/ lb). 
Actually,  ferrocene  turns  out  to  be  most  cost  effective  when  compared  with  the 
water/fuel  and  alcohol/fuel  blends  tested  In  this  program.  The  reduction  in 
smoke  (about  10  smoke  numbers)  achieved  by  adding  0,01  percent  ferrocene  to 
the  neat  fuel  is  approximately  the  same  as  adding  5-percent  water  or  15-per- 
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Figure  21.  Relatlvu  Cost  to  Reduce  Fxhaust  .Smoke:  Takeoff  Condition 


cent  ethanol.  The  increase  in  cost  of  a  fuel  containing  0.01-perccnt  fer¬ 
rocene  (bulk  cost  approxitaately  2  cents/grara)  is  about  0,6  cents/gallon  and 
that  of  the  water  and  ethanol  blends  is  of  the  order  of  20  cents/gallon. 
However,  the  low  cost  of  ferrocene  itself  may  be  overshadowed  by  the  added 
cost  of  maintenance  resulting  from  deposition  and  corrosion. 

Flow  Rate  Penalty 

When  a  component  such  as  water  is  blended  with  fuel,  the  energy  density  of  the 
fuel  is  reduced  so  that  it  is  nece.s.sary  to  increase  the  fuel  flow  rate  to  the 
engine  in  order  to  sustain  the  sar>c  power  output.  Figure  22  shows  the  In¬ 
crease  in  fuel  flow  rate  associated  with  reductions  In  smoke.  Protn  an  energy 
density  standpoint  alone,  alcohols  reduce  this  penalty  because  they  have  a 
heat  of  combustion  although  less  th-an  that  of  jet  fuel.  However,  somewhat 
surprisingly,  the  results  indicate  that  the  snoke  reduction  is  accompanied  by 
about  the  sacae  flow  rate  penalty  for  all  the  fuel  blends. 
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Fii^uro  23.  hUTiMSif  in  Knel  Flow  R.nto  Asriot- With  R<KiucLions 
in  Fxh.'tnKC  Smoke:  T.nkcoff  Condition 


H yd  r  oge  n /Ca  rbo  n  Patio 

.Several  .s  ludies  ( 1 3- 1  fe)  h.ive  showti  th.^t  1  ydrogen/carhon  ratio  Ik  a  ^»o(>d  cor¬ 
relating  p.ar.atat'ter  for  rioot  formation  in  gas  tii'''..Ine  engines.  Recent  work(17) 
hy  the  contract^>r  ha.s  shown  that  thi,s  rorrel.ation  can  he  extended  to  hydro¬ 
carbon  fucl.s  containing  oxygenaier.  and  dispersed  water.  Ttie  correlations  of 
srtoke  number  and  radiation  with  H./C  atom  ratio  in  Figure  23  include  two  sets 
of  data;  the  open  symbols  are  an  e.ar!ier  .study  which  Included  six  JP-5  peiro- 
icum  fuel.s,  three  fuels  derived  froe  coal,  oil  .shale  and  tar  sand.s,  seven 

fnel-s  blended  free  JP-5  and  dic.sel  marine,  six  water-in-fucl  csacroe»ulsion.s 
and  two  Bicthanol-in-?uei  (high  arocatir  fuel)  solutions,  and  the  closed  syn>- 
hois  represent  thi,s  w'ork.  It  is  apparent  that  the  nicroenulsions  and  ethanol 
solutions  correlate  with  H/C  atoo  ratio  in  the  same  way  as  the  other  fuels. 
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SECTION  IV 


CONCLUSIONS 

1.  Microemulsions  of  water,  methanol,  and  ethanol  (aqueous)  in  JP-4  and  JP-8- 
can  be  formulated. 

2.  Ethanol  (anhydrous)  is  soluble  in  JP-4  and  JP-8. 

3.  These  blends  affected  combustor  performance  as  follows: 

•  Reduce  soot  formation. 

•  Reduce  exhaust  smoke. 

•  Reduce  oxides  of  nitrogen*. 

•  Increase  CO. 

•  Increase  total  hydrocarbons. 

•  Decrease  combustion  efficiency. 

4.  The  last  three  detrimental  effects  are  only  important  at  low-power  oper¬ 
ating  conditions  such  as  ground  idle  where  smoke  is  low  and  the  additives 
are  not  required. 

5.  Addition  of  ferrocene  reduced  exhaust  smoke  but  not  flame  radiation  (soot 
production)  and  therefore  acts  as  an  oxidation  catalyst  on  the  soot. 

6.  No  synergistic  effects  were  found  on  concentration  effectiveness. 

7.  Deposits  with  ethanol/fuel  blends  were  slightly  higher  but  may  have  been 
within  experimental  error;  deposits  with  water/fuel  blends  were  obscured 
by  other  deposits. 

8.  Hydrazine  had  no  apparent  effect  on  soot/smoke  other  than  that  generated 
by  its  hydrogen  content. 

9.  Smoke  and  radiation  reductions  from  the  addition  of  water  and  alcohol 
correlated  with  changes  in  hydrogen/carbon  ratio. 

10.  Ethanol  (dry)  solutions  appear  to  be  the  most  effective  from  the  stand¬ 
point  of  cost,  operational,  and  system  effects.  Metal  additives  cost 
less,  but  present  other  problems. 


*  Increased  NO^  when  surfactant  contained  nitrogen. 
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SECTION  V 


RECOMMENDATIONS 

1.  Full-scale  engine  tests  on  the  ethanol/fuel  blends  should  be  conducted. 

2.  The  opportunities  for  using  water  or  alcohol  as  a  carrier  (solute)  for 
smoke-suppressant  additives  should  be  evaluated.  Inorganic  salts  cost 
less  and  could  be  stored  in  the  water  and  possibly  the  ethanol. 

3.  The  role  of  metal  additives  in  soot  formation  and  oxidation  should  be 
studied.  The  mechanisms  for  heterogeneous  and  gas  phase  catalytic  ef¬ 
fects  and  the  importance  of  ions  in  the  nucleation  process  are  still  in  a 
very  speculative  stage. 

4.  The  effects  of  fuel  molecular  structure  on  soot  formation  should  be 
studied  to  provide  a  better  understanding  of  the  kinetic  processes  in¬ 
volved. 
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Al'I'l'NIilX  A 


n,AMK  PAD  I  at  r  ON,  R,  AND  KXIIAIJST  SMOKE  NUMBERS,  SN, 

FOR  THE  TEST  KtlEI.S  AT  TME  SKEECTED  OPERATING  CONDITIONS 


Table  A-1  contains  flame  radiation  and  exhaust  smoke  numbers 
for  the  test  fuels  at  selected  operating  conditions. 
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TABLE  A-1.  FLAME  RADIATION  (R)  AND  EXHAUS 


Fuel  Description 


Takeoff 


R(kW/M  )  SN 


1 

1 

1 

rrocene  ^ 

L  100  Ccf^i 

1 

1 

•azine 

] 

•azine 

1 

•rocene  + 

1 

1 

1 

1 

%  so-/.§ 

1 

X  SO-A® 

1( 

) 

1 

1%  S0-A@ 

QX  SO-A® 

1 

Climb 

R(kW/M,)  SN 


89 

1 

31 

2 

Cruise 
R(kW/M^) 


|and  exhaust  smoke  numbers  (SN) 


APPENDIX  B 


ENERGY  SPECIFIC  GASEOUS  EMISSIONS  INDICES  (GR/BTU/KG  BASE  FUEL) 
AND  THE  COMBUSTION  EFFICIENCY,  CE,  FOR  THE  TEST  FUELS 
AT  THE  SELECTED  OPERATING  CONDITIONS 


Table  B-1  contains  energy  specific  gaseous  emissions  indices 
and  combustion  efficiency  for  the  test  fuels  at  selected  operating  conditions. 
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TABLE  B-1.  ENERG' 
A] 


Fuel  Description  THC 


Jet  A  Reference  1.6 
JP-4  Base  Fuel  0,9 
JP-4  +  10%  EtOH  0.2 
JP-4  +  15%  EtOH  1.1 
JP-4  +  20%  EtOH  0.2 
JP-4  +  25%  EtOH  1.5 
JP-4  +  40%  EtOH  2.0 
JP-4  +  10%  Aqueous  EtOH  +  3%  SO-A®  0.1 
JP-4  +  20%  Aqueous  EtOH  +  3%  SO-A®  0.1 
JP-4  +  10%  MeOH  +  3%  SO-A®  0.2 
JP-4  +  20%  MeOH  +  3%  SO-A®  0.2 
JP-4  +  10%  Aqueous  MeOH  +  10%  SO-A®  0.2 
JP-4  +  20%  Aqueous  MeOH  +  W%  SO-A®  0.6 
JP-4  +  10%  Cllndrol  100  CG®  1.5 
JP-4  +  5%  H  O  +  5%  Cllndrol  lOOCG®  1.9 
JP-4  +  10%  H  O  +  10%  Cllndrol  100  CG®  5.0 
JP-4  +  15%  H^O  +  15%  Cllndrol  100  CG®  9.5 
JP-4  +  20%  H^O  +  20%  Cllndrol  100  CG®  1.0 
Jet  A  +  0,01%  Ferrocene  2.1 
Jet  A  +  0.03%  Ferrocene  2.3 
JP-4  +  0.01%  Ferrocene  1.1 
JP-4  +  15%  EtOH  +  0.01%  Ferrocene  ^  0.8 
JP-4  +  5%  H  O  +  5%  Cllndrol  100  C(r4 

0,01%  Ferrocene  3.7 
JP-4  >  15%  EtOH  +  0.1%  Hydrazine  1.5 
JP-4  +  15%  EtOH  +  0.6%  Hydrazine  1.3 
JP-4  +  15%  EtOH  +  0.01%  Ferrocene  + 

0.1%  Hydrazine  0,3 
JP-8  Base  Fuel  1.0 
JP-8  +  10%  EtOH  0,2 
JP-8  +  15%  EtOH  1.4 
JP-8  +  20%  EtOH  0.5 
JP-8  +  25%  EtOH  1.8 
JP-8  +  40%  EtOH  2.2 
JP-8  +  10%  Aqueous  EtOH  +  5%  SO-A®  0.2 
JP-8  +  20%  Aqueous  EtOH  +  5%  SO-A®  0.2 
JP-8  +  10%  MeOH  +  6%  SO-A®  0.4 
JP-8  +  20%  MeOH  +  10%  SO-A®  0.7 
JP-8  +  10%  Aqueous  MeOH  +  11%  SO-A® 

JP-8  +  20%  Aqueous  MeOH  +  20%  SO-A®  0.2 
JP-8  ♦  10%  Cllndrol  101  CG®  1,1 
JP-8  +  5%  H  O  +  5%  Cllndrol  101  CG®  2.2 
JP-8  +  10%  H  O  10%  Cllndrol  101  CG®  2.7 
JP-8  +  15%  HjO  +  15%  Cllndrol  101  CG®  4.0 
JP-8  +  20%  H^O  +  20%  Cllndrol  101  CG®  0.3 
JP-8  +  0.01%  Ferrocene  3,5 
JP-8  +  15%  EtOH  +  0.01%  Ferrocene  _  1,9 
JP-8  +  5%  H^O  +  5%  Cllndrol  101  C(r^ 

0.01%  Ferrocene  1,7 
JP~8  +  15%  EtOH  +  0.01%  Ferrocene  + 

0.1%  Hydrazine  13,9 


Takeoff 

Climb 

CO 

NO 

CE 

THC 

CO 

NO 

CE 

X 

X 

14,3 

6.2 

99.6 

7.0 

36.1 

4.7 

99.07 

12.5 

7.0 

99.74 

4.4 

26.3 

5.9 

99.40 

11.5 

7.5 

99.80 

— 

_ — 

14.1 

6.5 

99.67 

6.5 

29.3 

5.7 

99.27 

10.9 

7.0 

99.80 

_ — 

15.0 

6.1 

99.64 

8.3 

31.1 

5.3 

99.18 

17.4 

5.4 

99.56 

12.1 

36.2 

4.7 

98.95 

10.0 

7.9 

99.83 

— 

10.2 

10.0 

99.79 

— 

10.8 

10.2 

99.78 

— 

11.8 

10.18 

99.75 

— 

— 

.. — 

- * 

14.4 

16.5 

99.69 

— 

— 

19.3 

24.4 

99.51 

— 

— 

— 

— 

19.0 

18.3 

99.53 

8.1 

36.0 

18.8 

99.06 

18.8 

13.0 

99.53 

10.1 

42.0 

11.8 

98.83 

28.6 

18.3 

99.12 

25.3 

67.2 

17.5 

97.66 

39.8 

24.2 

98.65 

44.6 

92.8 

22.6 

96.34 

23.8 

30.5 

99.28 

— 

_ — 

— _ 

... 

15.1 

6.1 

99.63 

— 

— 

— _ 

— 

16.1 

6.1 

99.59 

— 

— 

— 

— 

12.1 

6.8 

99.73 

5.7 

31.8 

5.5 

99.25 

11.7 

6.1 

99.72 

7.8 

35.0 

5.1 

99.10 

20.9 

11.7 

99.40 

00 

• 

29.8 

6.5 

99.19 

11.9 

7.5 

99.70 

— 

— 

— 

— 

11.2 

13.5 

99.70 

— 

— 

— 

— 

11.9 

7.3 

99.75 

— — 

... 

13.0 

6.8 

99.72 

8.0 

34.9 

5.7 

99.19 

11.8 

7.1 

99.80 

— 

— 

— 

— 

15.9 

6.0 

99.61 

8.4 

34.1 

5.4 

99.10 

13.0 

6.7 

99.77 

— 

— 

— 

17.4 

5.6 

99.55 

11.0 

37.2 

5.0 

98.94 

19.6 

5.0 

99.45 

14,5 

41.1 

4.6 

98.71 

11.7 

10.8 

99.75 

— 

— 

— 

— 

11.6 

11.5 

99.75 

— 

— 

— 

12.6 

11.8 

99.72 

— 

— 

___ 

— 

18.4 

14.5 

99.56 

— 

— 

— 

— 

10.3 

16,7 

99.76 

— 

— 

_ — 

— 

10.6 

22.9 

99.69 

— 

— 

— 

— 

11.0 

16.9 

99.71 

6.7 

35.4 

15.7 

99.06 

16.4 

12.0 

99.58 

13.7 

44,7 

10.5 

98.72 

24.7 

16.0 

99.33 

22.8 

69.4 

14.9 

97.83 

31.3 

20.4 

99.06 

33.5 

89.0 

18.5 

96.95 

18.9 

26.8 

99.44 

— 

— 

— 

— 

15.5 

6.2 

99.60 

8.3 

35.2 

5.3 

99.12 

16.7 

6.0 

99.61 

10.0 

39.6 

4.8 

98.98 

20.9 

— 

99.48 

13.1 

46.4 

— 

98.85 

1.0 

6.8 

99.68 

_ _ 

... 

i 


>1 

I  ENERGY  SPECIFIC  GASEOUS  EMISSION  INDICES  (gr/Btu/kg  base  fuel) 
t-  AND  COMBUSTION  EFFICIENCY  (CE),  % 


Cruise _ _  _ _ Ground  Idle 


i 

CE 

THC 

CO 

NO 

X 

CE 

THC 

CO 

NO 

X 

CE 

99.07 

28.3 

56.2 

4.0 

91.10 

108.9 

118.1 

1.1 

94.65 

99.40 

16.1 

45.2 

4.8 

98.72 

91.6 

105.3 

2.8 

96.03 

99.27 

25.0 

52.9 

4.4 

98.49 

154.9 

133.0 

2.6 

93.94 

99.18 

31.3 

57.8 

4.2 

98.13 

184.6 

136.3 

2.5 

93.08 

1' 

98.95 

45.0 

67.2 

3.6 

97.62 

248.5 

144.9 

2.2 

91.15 

99.06 

24.4 

63.0 

18.1 

98.05 

136.6 

135.2 

14.0 

94.04 

i. 

98.83 

37.4 

72.1 

10.5 

97.41 

141.8 

122,7 

5.8 

93.47 

s 

97.66 

69.5 

97.8 

14.9 

95.73 

292.8 

153.1 

9.2 

88.49 

6 

96.34 

128.« 

) 

19.6 

93.69 

532.1 

193.2 

10.8 

80.82 

i 

; 

99.25 

18.6 

51.8 

4.9 

98.54 

104.9 

117.1 

2.6 

95.07 

99.10 

26.4 

57.5 

4.6 

98.21 

165.1 

125.6 

2.5 

93.33 

99.19 

27.0 

88.4 

12.0 

97.01 

600.0 

179.0 

7.4 

78.00 

99.19 

24.4 

57.8 

4.9 

98.41 

122.0 

128.2 

2.7 

94.32 

t 

99.10 

29.8 

56.5 

4.1 

98.16 

197.8 

147.9 

2.4 

92.34 

98.94 

35.9 

61.1 

3.9 

97.87 

242.3 

155.4 

2.2 

90.94 

1 

i 

98.71 

52.0 

74.3 

3.3 

97.11 

288.5 

156.8 

2.0 

89.80 

f 

1' 

h 

99.06 

20.6 

64.6 

15.0 

98.08 

129.2 

144.0 

11.2 

93.88 

98.72 

44.1 

85.9 

9.6 

97.06 

210.3 

160.2 

7.0 

91.70 

9 

97.83 

70.4 

119.0 

13.0 

95.43 

343.7 

192.3 

9.7 

87.51 

r 

96.95 

97.6 

147.3 

17.2 

93.90 

528.8 

217.3 

11.7 

81.73 

1 

99.12 

20.6 

56.9 

4.1 

98.40 

96.2 

122.4 

2.4 

95.19 

1 

98.98 

36.7 

70.2 

3.6 

97.45 

193.9 

126.9 

1.5 

92.30 

1. 

y. 

98.85 

37.2 

78.6 

— 

97.19 

159.6 

135.9 

— 

92.61 

— 

— 

— 

— 

— 

— 

— 

— 

— 
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